While much is known about general controls over axon guidance of broad classes of projection neurons (those with long-distance axonal connections), molecular controls over specific axon targeting by distinct neuron subtypes are poorly understood.
Introduction
Corticospinal motor neurons (CSMN) control the most precise voluntary movement in mammals. CSMN degenerate centrally in the neurodegenerative "motor neuron" diseases such as amyotrophic lateral sclerosis (ALS), primary lateral sclerosis (PLS), and hereditary spastic paraplegia (HSP), and CSMN axonal damage is centrally responsible for the loss of motor function in spinal cord injury. Although the adult mammalian central nervous system (CNS) was classically thought to be incapable of regeneration, more recent work has established that CSMN axon growth inhibition can be at least partially overcome [1] [2] [3] [4] [5] . In addition, small numbers of CSMN with long-distance spinal cord projections can be recruited from endogenous progenitors or transplanted as immature neurons developing from appropriate neocortical progenitors [6] [7] [8] [9] . However, attempts at therapeutic regeneration are still limited by an incomplete understanding of mechanisms that control the precise development of these and other neuron subtypes:
sequential generation, specification, differentiation, axon guidance, and target selection.
A thorough understanding of CSMN axon targeting might enable enhancement of CSMN axon outgrowth and establishment of functional connectivity toward repair of diseased corticospinal circuitry.
In the mouse, CSMN axons descend within the dorsal funiculus of the spinal cord white matter. Leading CSMN axons reach the distal cervical spinal cord ~postnatal day 1 (P1), the distal thoracic cord ~P4, and the distal lumbar cord ~P7 10 . These axons arborize among spinal cord interneurons and spinal motor neurons within the segmentally appropriate spinal ventral horn 2-3 days after their arrival at their appropriate level 11 . CSMN innervate their final targets via interstitial branching from the axon shaft 12, 13 . Explant co-culture experiments have partially recapitulated certain aspects of CSMN axon targeting, but a mechanistic understanding of axon growth and survival is still lacking. The presence of one or more diffusible tropic factors was suggested by cortical neurite outgrowth and turning toward explanted spinal cord gray matter 14, 15 . A role for contact-mediated interactions in segment-specific targeting of CSMN axons was supported by observations of specific ingrowth of cortical axons into segmentappropriate spinal cord gray matter, and repulsion of segment-inappropriate axons by spinal cord gray matter 16 . Field EPSP recordings have demonstrated a preference of forelimb CSMN to form synapses on cervical vs. lumbar spinal cord in explanted slice co-culture 17 . Taken together, these findings indicate that molecular mechanisms of CSMN axon targeting involve attractive and repulsive, diffusible and surface-associated, axon guidance cues. A more detailed molecular mechanistic understanding would be advanced by a tissue culture device allowing testing of different combinations of cues, interacting with purified neurons, in three dimensions.
One of our two groups developed approaches to study pure populations of developing CSMN and other projection neuron subtypes in primary culture at a range of critical developmental stages by retrogradely labeling the desired neuron subtype with fluorescent microspheres from their growth cones or axon termini at that developmental stage, then isolating homogeneous populations of specific subtypes of projection neurons by fluorescence-activated cell sorting (FACS) [18] [19] [20] . The resulting pure populations of CSMN in culture retain the in vivo cellular and molecular characteristics of CSMN in vitro, and have enabled identification and functional analysis of the first peptide controls over their development in a highly-controlled environment 20 .
Unfortunately, the yield of healthy purified CSMN by FACS is approximately 1,000 CSMN per retrogradely labeled mouse brain (out of ~5000 -6000 in a labeled hemisphere) 20 . To optimally investigate controls over CSMN axon targeting, it would be highly desirable to have a tissue culture format in which very small numbers of purified CSMN can be studied in each experiment.
Here, we present a new microfluidic device design, based on similar systems developed by our group [21] [22] [23] and others 24, 25 , for the investigation and quantification of axon outgrowth responses of small numbers of highly purified cortical projection 
Materials and methods

Device design and fabrication
The device was designed to retain small (≤ 100 m thick) tissue explants in two separate regions while allowing for rapid, relatively unobstructed interactions with cells seeded in an intervening gel regions. Posts in the device were spaced to help control gel placement while trapping explant tissue, and allowing large regions of direct interaction with growth medium. It was first created in AutoCAD (Autodesk, San Rafael, CA), printed onto a transparency mask using a high-resolution printer (PageWorks, MA), and patterned onto dehydrated master silicon wafers (Wafernet, Inc., San Jose, CA) by standard microfabrication techniques 26, 27 . Masters were developed using SU8 B27, conditioned overnight on P2 cortical cultures) was added in the media channels after collagen gel polymerization (~20 min), and changed every 24 h. There were no active growth factor gradients across the tissue explants or collagen gel within this device, since the same conditioned media was filled in both the media channels.
Furthermore, media channels were filled with equal volumes of media which equalizes pressures and quite effectively prevents the formation of pressure-induced flow across the gel and tissue. All chemicals and reagents were from Sigma Aldrich, and media from Invitrogen, unless otherwise specified.
Tissue explant preparation
P4 mice were deeply anaesthetized on ice for 6 minutes. The tissue for explant, either the cervical enlargement of the spinal cord or the cerebellum, was exposed and dissected with fine forceps and placed in a small Petri dish filled with ice-cold sterile supplemented OptiMEM. Approximately 100 m thick axial sections of the cervical spinal cord enlargement or cerebellar hemisphere were cut using a razor blade. Spinal cord sections were then hemisected along the midline, and cerebellar sections were trimmed to size, and stored in ice-cold supplemented OptiMEM until positioning in devices. This protocol for obtaining cervical SC tissue explants has been optimized in our lab and is highly reproducible, which minimizes variations in the axonal targeting data from different experimental batches. These tissue explants retain the architecture and complexity of the spinal cord, specific to their source region, in an in vitro culture system.
Immunocytochemistry
Devices were fixed at 48 h by the addition of 2% paraformaldehyde via the media channels, and incubated for 10 min at room temperature. Anti-MAP2 (1:500; Sigma Aldrich, St. Louis, MO), anti-NF (neurofilament heavy chain (NF-H), 1:500; Sigma), and appropriate AlexaFluor secondary antibodies (Molecular Probes, Inc., Eugene, OR)
were used. To evaluate CSMN survival, cells were stained using a LIVE/DEAD® Reduced Biohazard Viability Kit (Molecular Probes), fixed, and then imaged using fluorescence microscopy. Phase-contrast and fluorescence microscopy of brain section and dissociated cortical cells shown in Fig. 2 were performed on a Nikon E1000 microscope equipped with an X-Cite 120 illuminator (EXFO), and images were collected with Volocity image analysis software (Improvision, v4.0.1). Phase-contrast and epifluorescence microscopy of cells in devices were performed on a Nikon TE300 microscope with a Hamamatsu camera (Hamamatsu, Shizuoka, Japan) and OpenLab (Improvision, Waltham, MA) image acquisition software.
CSMN morphology assays
All quantification was conducted under blinded conditions using a priori criteria.
To be identified as CSMN, neurons were required to 1) contain green Retrobeads; 2)
exhibit CSMN morphology; and 3) be isolated and lack contact with any other CSMN.
Each neuron that fit these criteria (usually 1-2 CSMN per device in dissociated cultures) was photographed and analyzed. Axon length and turning were measured using OpenLab quantification software, and verified with US National Institutes of Health (NIH)
imaging software.
Statistical analysis
In this study, at least 10 microfluidic devices were utilized for each experimental condition tested. All statistical analyses were performed using InStat software (v.3.0a, Graphpad) via parametric and/or nonparametric analyses, as appropriate, with a minimum significance level set at p < 0.01.
Results
Microfluidic device implementation
We have designed a microfluidic system to investigate controls over cortical projection axon targeting, consisting of a series of channels and gel regions imprinted onto the surface of a PDMS disk and bonded to a coverslip. The system permits axon growth within a three-dimensional matrix, facilitates investigation of interactions between neurons and explanted tissue within the device, and enables real-time imaging of axon outgrowth and targeting. The channels on the bottom surface of the device comprise three adjacent zones: 1) a central neuron soma chamber; 2) two target tissue chambers flanking the central chamber; and 3) two media channels accessible from the top surface of the device. For the axon targeting studies, the trimmed spinal cord or cerebellar tissue explants were manually placed within the target tissue chambers.
Then, the cells suspended in a collagen gel were seeded within the soma chamber (~ 1 L), which is exposed through lateral openings to the tissue chambers (Fig. 1a) . The target tissue chambers (150 μm deep and 1250 μm in lateral extent) are delineated by square posts arranged in a semi-circle located on both sides of the central neuron soma chamber (Fig. 1b, asterisks) (Fig.   2a) . At P4, following retrograde transport of the microspheres, motor cortex was clearly identifiable based upon the presence of green fluorescent CSMN cell bodies (Fig. 2b) .
Motor cortex was microdissected and dissociated to a single cell suspension, enabling identification of individual CSMN based on the presence of green microspheres in their cell bodies (Fig. 2c) . When cultured as part of unsorted motor cortical dissociates in the microfluidic devices, CSMN (identified by green fluorescent microspheres in their cell bodies) survived for at least 48 h (Fig. 3) (Fig. 4a) .
DiI labeling of CSMN was not artifactually due to diffusion; DiI placed in spinal cord
tissue explants did not diffuse into the intervening collagen gel, and was not taken up by CSMN axons growing near, but not into, the SC tissue (Supplemental Fig. 1 ).
To assess the potential effects of spinal cord tissue explants on CSMN axon outgrowth, we quantified direction and length of axon outgrowth in the presence or absence of spinal cord explant tissue co-culture. We observed a significant increase in both the turning angle and axon length of CSMN projections when co-cultured with spinal cord tissue explants, compared to control experiments with no explant co-culture ( Fig. 4b-e) .
Purified CSMN axon targeting
To further investigate the role of spinal cord on CSMN axon projections, we co- (Fig. 6a-c) . There was a significant increase in CSMN axon outgrowth and directional specificity toward spinal cord vs. cerebellar tissue explants (Fig. 6d) . These data support roles for specific spinal cordderived diffusible trophic and chemotropic factors.
Discussion
We report the development of a microfluidic device that enables direct In conventional tissue explant cultures, CSMN exist in a complex microenvironment surrounded by ECM proteins and various neural and glial cell types, making it difficult to discern their response to external insults from natural variation.
Therefore, pure populations of CSMN were isolated and studied in these experiments to The NIHMS has received the file 'Supplemental Figure 1 Macklis.pdf' as supplementary data. The file will not appear in this PDF Receipt, but it will be linked to the web version of your manuscript.
